Epithelial stem cells in the bulge region within the hair follicle maintain the cyclic hair growth, but whether these stem cells also contribute to the epidermal renewal remains unclear. Here, we observed that the conditional deletion of the Rac1 gene in the mouse skin, including the potential follicular and epidermal stem cell compartments, results in alopecia owing to defective hair development. Surprisingly, mice lacking the expression of this Rho GTPase do not display major alterations in the interfollicular skin. Furthermore, Rac1 excision from primary epithelial keratinocytes results in the inability to reconstitute hair follicles and sebaceous glands when grafted onto mice, but epithelial cells lacking Rac1 can nonetheless form a healthy epidermis. Together, these findings support the emerging view that the epidermis and the hair follicles are maintained by different epithelial stem cells, and provide evidence that the requirement for Rac1 function can distinguish these distinct stem cells populations.
Introduction
The fully developed hair follicle is a complex structure, with a motionless superior third delimited by the attachment of the arrector pili muscle at the bulge area, and one or more sebaceous gland near the top of the follicle (Cotsarelis, 2006) . The lower two-thirds include the bulb area at the bottom of the hair follicle, the inner and outer root sheaths surrounded by the connective tissue sheath, the dermal papilla and the matrix. The hair follicles grow in a cyclic fashion. During its rapid growth phase, or anagen, progenitor cells in the bulb area of the hair follicle generate the hair and its surrounding inner root sheath (reviewed in Cotsarelis and Millar, 2001; Fuchs and Raghavan, 2002; Millar, 2002; Cotsarelis, 2006) . Cells then stop proliferating and initiate the catagen phase, in which the epithelial cells below the bulge either differentiate or die by an apoptotic process. The hair follicle finally enters into a resting phase known as telogen. Complex interactions between the epithelial cells and the surrounding mesenchymal cells in the dermal papilla then promote the migration of epithelial stem cells localized in the bulge area to the bulb of the hair follicle, where they give rise to rapid proliferating progenitor cells thereby reinitiating the growth or anagen phase of a new hair cycle. These bulge epithelial stem cells were first identified using pulse-chase experiments with labeled nucleotides (Bickenbach, 1981; Morris et al., 1985; Bickenbach et al., 1986; Cotsarelis et al., 1990) , and the identification of molecular makers for these follicle bulge ''label retaining cells'' (LRC) enabled their subsequent isolation and characterization (Braun et al., 2003) . Interestingly, however, it was recently observed that these bulge stem cells contribute to the cyclic hair growth and to the regeneration of interfollicular region of the skin, referred herein as epidermis, during wound healing but probably not during normal skin renewal (Taylor et al., 2000; Ito et al., 2005; Levy et al., 2005) , thus suggesting the existence of a yet to be characterized interfollicular stem cell compartment.
As bulge stem cells need to migrate to the bulb to start a new hair cycle, whereas the potential epidermal stem cells may be organized in proliferating units within the skin (Potten, 1974; Cotsarelis et al., 1990) , we hypothesized that disrupting molecules involved in epithelial cell migration may help distinguish these two stem cell populations. In this regard, small GTPases of the Rho family, including Rac1, play a central role in controlling signaling pathways regulating the actin cytoskeleton and the stability of adherens junctions (Coso et al., 1995; Etienne-Manneville and Hall, 2002) . Thus, in this study we took advantage that the cytokeratin 14 (K14) promoter can target the expression of the Cre recombinase to the dermis during development, including the potential follicular and interfollicular stem cell compartment, to excise the Rac1 gene in the mouse skin. Surprisingly, we observed that mice lacking Rac1 expression in the skin exhibit alopecia owing to the defective hair development. However, they do not display major alterations in their interfollicular skin. Furthermore, we show here that Rac1 excision from epithelial cultures from newborn mice results in the inability of their residing stem cells to reconstitute hair follicles when grafted onto nude mice, but they can nonetheless regenerate a healthy epidermis. Together, these findings support the emerging view that the epidermis and the hair follicles are maintained by different stem cell compartments, and that these distinct stem cell populations can be distinguished molecularly by their requirement for Rac1 function.
Results
Aberrant hair follicle formation and premature postnatal death upon conditional deletion of Rac1 We generated keratinocyte-specific Rac1 conditional knockout mice (K14Cre Rac1 (Gu et al., 2003) with mice expressing the Cre recombinase in stratified epithelium under the control of the keratin14 promoter (Andl et al., 2004) . The compound line K14Cre Rac1 F/ þ was backcrossed with Rac1 F/ þ to obtain K14Cre Rac1 F/F mice. Littermates which inherited some but not all of the above alleles served as internal controls (K14Cre Rac1
and Rac1 F/F ). Offsprings (>200) displayed a Mendelian distribution. No major phenotypical differences among the littermates could be observed up to postnatal day 3 (P3). However, after day 4 (P4) the first signs of absence of hair and hypopigmentation of the skin became apparent, which was quite obvious thereafter, as shown in Figure 1a for day P11. Indeed, during the entire first synchronous hair cycle the K14Cre Rac1 F/F mice exhibited unpigmented skin lacking hair growth. Absence of hair in compound mice was associated with rapid post-natal death (Figure 1b) . Approximately 70% of the K14Cre Rac1 F/F mice died before weaning; all remaining mice died by day 65 (Figure 1b) .
The causes of this early lethality are still unknown. In particular, we did not observe any histopathological alterations in the stratified epithelial lining the aerodigestive and gastrointestinal tract, including the esophagus and forestomach, which express the K14-driven Cre (Andl et al., 2004) . However, this phenotype may still be related to a defective absorption of nutrients in the digestive tract, as K14Cre Rac1 F/F mice were consistently smaller than controls (data not shown). Furthermore, if littermate animals displaying normal hair growth, hence having at least one wild type Rac1-allele, were sacrificed by day P5 all K14Cre Rac1 F/F mice (n ¼ 22) survived until weaning, and even beyond P65 if fed with dough diet rich in protein and fat (n ¼ 19). These observations suggest that the early lethality caused by Rac-1 excision may be related to a defective nutrient absorption or feeding behavior. These, as well as additional possibilities, including whether expression of Rac-1 in stratified epithelia plays a role in the appropriate function of the immune system, are under current investigation.
To explore the nature of the hair abnormalities of K14Cre Rac1
F/F mice, we analysed the microscopic architecture of the skin in tissue specimens. The K14 promoter targeted the expression of Cre to the follicular and interfollicular epithelium (Figure 2a ), as described previously (Andl et al., 2004) . Histological examination of the skin of K14Cre Rac1 F/F mice during anagen (P14) revealed smaller hair follicles with wavy and misangled shafts than those of control animals. Furthermore, these rudimentary hair follicles lacked hair bulbs and sebaceous glands and failed to descend deep into the fat layer of the skin, in contrast to control hair follicles that displayed large hair bulbs, well-differentiated hair shafts and sebaceous glands. Similar results were observed in epidermal whole-mounts of tail skins during anagen phase (P14). Effective gene excision in cells that give rise to all mouse tail hair follicle structures was confirmed ( Figure 2b ). Control mice showed well organized hair follicles distributed in parallel rows and follicles grouped in sets of three (Figure 2b ), but K14Cre Rac1 F/F mutant mice showed no row organization, lack of follicle sets and a reduction in hair follicle size (Figure 2b ). Of direct relevance, during the course of these experiments, Benitah et al. (2005) reported that conditional deletion of Rac1 in adult mice results in the loss of epithelial stem cells. Indeed, aligned with this possibility we observed that K14Cre Rac1 F/F mice did not display the presence of LRC in the skin at weaning (P21) (Figure 2c ), whereas BrDU positive cells were observed in the hair follicle bulge area of control mice. Thus, consistent with this recently published report, these data suggest that the deletion of the Rac1 gene affects the normal function of the hair follicle stem cells, resulting in defective hair follicle formation.
The epidermis is not dependent on Rac1 expression Surprisingly, however, Rac1 gene excision in the epidermis did not have any major effects in the interfollicular compartment (Figure 3a) , in contrast to the results obtained by the activation of Cre upon topical application of tamoxifen (Benitah et al., 2005) . Histological analysis of the interfollicular skin showed no remarkable morphological alterations (Figure 3a ) associated with the absence of Rac1 protein (Figure 3b) . Similarly, no alterations were observed upon Rac1 deletion in other anatomical structures expressing Cre activity but no hair follicles, such as the tongue (Figure  3b and c) . Newborn mice presented only mild changes in their pattern of skin differentiation, namely, an abnormal expression of filaggrin. At day P4, we found no differences in the expression of K14 (Figure 3e ) and K5 (not shown), typical markers expressed in the basal and parabasal skin layers. Similarly, no differences between controls and Rac1 deficient mice were observed for K1 and K10, differentiation-specific keratinocyte marker expressed only in cells committed to terminal differentiation in the interfollicular epidermis. Using the terminal differentiation markers filaggrin and loricrin, we observed that loricrin also exhibited a normal expression pattern in the cornified layer, but filaggrin was expressed in all layers of mutant mice in addition to the differentiated cells in the upper cornified layers (Figure 3e ). The proliferative rate of the basal keratinocytes was four times higher in the epidermis of K14Cre Rac1 F/F mice than control mice (Figure 3d ). Thus, whereas Rac1 excision prevents hair follicle formation, likely by depleting its stem cells, it does not inhibit but may instead enhance the proliferative capacity of the epidermal compartment.
Rac1 knockout influences the migration but not the proliferation of epidermal keratinocytes To study whether this hyperproliferative effect of deleting Rac1 in the skin was directly related to a negative effect of Rac1 on the proliferation of skin keratinocytes or was a reactive response to an altered differentiation program, we prepared primary cultures of keratinocytes from newborn Rac1 F/F and control wild-type mice (Rac1 þ / þ ), and excised the Rac1 gene in vitro by the infection with adenoviruses carrying a chimeric GFP/Cre molecule or GFP as a control. Whereas a high multiplicity of infection (MOI) of >100 viruses/keratinocyte resulted in cytotoxic effects, Rac1 was already efficiently excised at a MOI of 50 viruses/keratinocyte (Figure 4a ). These cells in which Rac1 was knockout in vitro remained viable and did not display any significant changes in their basal or EGF induced proliferation levels, as assessed by the incorporation of [ 3 H]thymidine into cellular DNA (Figure 4b) . However, the migratory activity of Rac1 F/ F keratinocytes, in which Rac1 was excised in vitro was clearly decreased, as documented using in vitro scrape wound assay. As shown in Figure 4c , when confluent cultures of Rac1 þ / þ and Rac1 F/F primary keratinocytes cultures infected with adeno-GFP/Cre and adeno-GFP were scraped (1 mm), all control groups completely covered the wound area by 18-24 h. In contrast, Rac1 F/F keratinocytes were unable to close this wound by 24 h (Figure 4c , lower picture).
Rac1 gene deletion impairs hair follicle formation but not epidermal regeneration To examine whether defective hair follicle formation was a developmental consequence of Rac1 excision in the skin or there is a strict requirement for Rac1 for the development of hair follicle structures from stem cells we challenge this system using a reconstitution assay in which primary newborn keratinocytes from Rac1 F/F and control mice infected with adenovirus expressing Cre recombinase in vitro were grafted onto the back of the skin of nude mice. This technique enables the assessment of the capacity of the residing stem cell to regenerate both the hair follicles and their appendices, and the epidermis in vivo (Lichti et al., 1993) . Dense hair growth was readily visible after 4 weeks when mice were grafted with fresh dermal cell preparations from Rac1 þ / þ mice infected with adeno-GFP and adeno-GFP/Cre and from Rac1 F/F mice infected with adeno-GFP. The grafted keratinocytes formed an organized skin with readily visible hair follicles and sebaceous glands in all these control groups. In contrast, grafts from Rac1 F/F GFP/ Cre keratinocytes failed to develop any hair follicle structures (Figure 5a ). Remarkably, however, all grafts resulted in efficient epidermis formation. Histological examination of the graft area revealed the formation of a normal epidermis in all cases, even in the epidermis arising from keratinocytes lacking Rac1 expression (Figure 5c ). All cells expressing Rac1 formed wellorganized hair follicle structures with sebaceous glands, shaft and melanin pigmentation (Figure 5b and c) . In contrast, keratinocytes in which Rac1 was excised were unable to regenerate hair follicles (Figure 5b and c) . These findings strongly suggest that the epidermis and the hair follicle are indeed originated from two distinct stem cell populations, which can be distinguished by their requirement for Rac1 function.
Discussion
The epidermal proliferating units are thought to be maintained by stem cells localized within the bulge from the hair follicle (Taylor et al., 2000; Blanpain et al., 2004; Cotsarelis, 2006) . However, whether these hair follicle stem cells contribute to the maintenance of the interfollicular skin during epidermal homeostasis is still unclear. In this regard using a fate-mapping experiment, Ito et al. (2005) observed that after over more than 6 months stem cells from the hair follicle bulge do not generate epidermis during homeostasis. Two distinct populations of stem cells in the epidermis may also exist based on the analysis of the regulation of sonic hedgehog (Shh) (Levy et al., 2005) . Indeed, using a conditional knockout mouse model, in vitro gene excision experiments and long-term skin reconstitution assays, we now show that a member of the Rho family of small GTPases, Rac1, may control the hair follicle stem cell compartment independent of the interfollicular epidermis, thus supporting that two distinct stem cell populations exist in the skin, which can be distinguished by their requirement for Rac1 function.
The aberrant hair follicle formation upon Rac1 gene deletion during development is aligned with the observation that Rac1 excision in adult animals leads to the rapid disappearance of follicular stem cells and the consequent hair loss (Benitah et al., 2005) . However, whereas we did not observe any major alterations in the epidermis caused by Rac1 deficiency, the use of tamoxifen-activated Cre to excise the Rac1 gene in adult mice provoked a burst of cell proliferation followed by rapid differentiation and loss of growth capacity, resulting in skin thinning and ulceration (Benitah et al., 2005) . The nature of the mechanisms underlying these different outcomes upon Rac1 deletion is at present unclear as we did not observe any ablation of the interfollicular epithelium or a negative impact on other stratified epithelium that lacks hair follicles, such as the oral mucosa, after removal of Rac1. Similarly, excision of Rac1 in newborn keratinocytes prevented the generation of hair follicles and sebaceous glands by the residing stem cells when grafted onto hairless mice, but did not exert any noticeable effect in the ability of these Rac1-deficient cells to reconstitute the epidermis. Several possibilities that may help explain these differences, such as whether the topical application of tamoxifen may interfere with the normal functions of estrogen receptors in the skin (Verdier-Sevrain et al., 2006) or exert secondary toxic effects on the epidermis when combined with Rac1 deficiency, will certainly warrant further investigation.
Of interest, similar results to ours, namely defective hair follicle formation but normal function of the interfolicullar skin, was reported while our study was in the process of submission (Chrostek et al., 2006) . In that study, the authors expressed Cre in the basal layer of the skin and hair follicles under the control of the cytokeratin 5 (K5) promoter to excise exon 3 of the Rac1 gene. Although the overall effects were similar, these K5-Cre Rac1 F/F mice exhibited a milder phenotype, as newborn mice developed hair follicles followed by a progressive hair loss within few weeks (Chrostek et al., 2006) . Taken together, we can conclude that the developmental or peri-natal Rac1 excision is sufficient to impair proper hair follicle formation but does not interfere with the normal formation and organization of the interfollicular epithelium. Our present study also implies that the interfollicular stem cells, as suggested by the grafting experiments, have the capacity to regenerate large wounded areas without the assistance of hair follicle stem cells; however, the interfollicular stem cells that survive Rac1 excision are unable to regenerate hair follicle structures.
This observation may reflect a distinct lineage commitment and therefore regenerative capacity of stem cells from hair follicles and the epidermis. Stem cells from the bulge may remain in a more undifferentiated state, and are multipotent as they retain the ability to repopulate both follicular and interfollicular areas (Taylor et al., 2000) . Instead, the epidermal stem cells may represent a lineage-restricted stem cell population, whose primary role is to proliferate and differentiate into stratified epithelia, thereby keeping up with the physiological cycle of replacing the rapid turnover of keratinocytes. In this context, our present findings support the existence of two different stem cell populations in the skin, follicular and interfollicular, based on their distinct requirements for Rac1. In turn, this property can now be exploited to distinguish these two stem cell populations, thereby facilitating the identification of suitable markers for their study in vivo, as well as to explore their potential regenerative capacity for tissue engineering approaches, such as to accelerate wound healing after trauma and burn, or to treat other skin lesions.
Materials and methods
See Supplementary materials for and extended description of the experimental approaches.
Experimental mice
C57Bl6 mice homozygous for the floxed Rac1 gene (Gu et al., 2003) were crossed with transgenic mice expressing Cre under the control of the K14 promoter (Andl et al., 2004) to generate homozygous mice for floxed Rac1 and heterozygous for K14Cre (K14CreRac1 
IHC, antibodies, reagents and immunoblotting
Immunohistochemistry with antibodies specific for Rac1 (BD Bioscience, San Jose, CA, USA), K1, K10, K5, K14, Loricrin, Filaggrin (Covance, Berkeley, CA, USA), BrDU (Axyll, Westbury, NY, USA), was performed as described (Squarize et al., 2002) . Immunofluorescence was performed with Rac1 (Upstate, Lake Placid, NY, USA), and tubulin (Santa Cruz, Santa Cruz, CA, USA) antibodies for Western blotting.
Culture, adenoviral infection and graft of primary keratinocytes Murine keratinocytes were isolated as described (Lichti et al., 1993) , grown in KBM-2 medium (Cambrex, East Rutherford, NJ, USA) and infected with adenoviruses expressing a chimeric GFP/Cre molecule, or GFP as a control (Gu et al., Figure 5 Residing epithelial stem cells in newborn keratinocytes lacking Rac1 can reconstitute a normal epidermis but not hair follicles. (a) Skin reconstitution assay using primary cultures of keratinocytes derived from newborn Rac1 þ / þ and Rac1 F/F mice infected with adenoGFP/Cre and adenoGFP. A pool of keratinocytes and fibroblasts (1:1 ratio) were subjected to full thickness replacement grafting assays onto the back of nude mice. Control grafted keratinocytes formed an organized skin with readily visible hair follicles and sebaceous glands after 4 weeks. Grafts from Rac1 F/F keratinocytes infected with GFP/Cre formed an organized epidermis but failed to develop hair follicle and sebaceous glands structures (lower right picture). Pictures are representative of 6-8 mice per group. (b) H&E staining of grafts after 4 weeks showing well-organized hair follicle and interfollicular epidermis in control groups. Rac1 F/F Cre/GFP grafts, however, reconstitute the interfollicular epidermis but no skin appendances ( Â 20). (c) Immunofluorescence assay depicting the presence of Rac1 protein in the epidermis and hair follicles from animals grafted with control keratinocytes (left panel) but the absence of Rac1 staining in grafts derived from Rac1 F/F keratinocytes after infection with adenoCre/ GFP ( Â 40).
